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1.0 UNLV Design and Testing Group
1.1 HTHX Thermal Systems Design (PI: Yitung Chen, UNLV)
1.1.1 Research Highlights
•

•

•

•

Ceramatec Sulfuric Acid Decomposer. The numerical model of a SiC ceramic coupon
with two layers of microchannels was developed. Calculations of the factor of safety and
probability of failure for the case of a straight channel were performed. Results for a
pressure of 7.5 MPa were performed. The thermal and mechanical stress analyses of the
Ceramatec HTHX and decomposer were completed.
Bayonet Heat Exchanger. The thermal and mechanical stress analyses of the bayonet
type HTHX and decomposer (Sandia design) were completed. Temperature profiles
obtained from thermocouples measured from the Sandia experiments have been applied
to the whole packed bed region for the temperature boundary conditions on the outer and
inner walls of the bayonet HTHX and decomposer. Numerical modeling of sulfur
trioxide decomposition in the whole packed bed region with cylindrical pellets is in
progress.
Shell and Tube Heat Exchanger. Shell and solid parts have been added to the existing
tube part of the shell and tube HTHX geometry. Chemical reaction modeling has been
performed on the shell and tube geometry considering the porous medium approach
inside the tubes.
Two journal papers were submitted to the International Journal of Heat Exchangers
(IJHEX).

1.1.2 Technical Progress Report
Numerical Analyses with Chemical Reactions and Optimization Studies for the Ceramatec
Sulfuric Acid Decomposer
The numerical model of a SiC ceramic coupon with two layers of microchannels has been
developed. The computational mesh has 1,228,440 cells and 1,417,193 nodes. The numerical
calculations of fluid flow and heat transfer in the coupon associated with operating conditions
used by Ceramatec, Inc. in their experiments (inlet cold air temperature is 309.75 K and mass
flow rate is 2 x 10-5 kg/sec; inlet hot air temperature is 433.75 K and mass flow rate is 5.5 x 10-5
kg/sec) were completed. The temperature distribution is shown in Figure 1. The obtained
numerical results are different from the experimental results because there is a very big
uncertainty concerning boundary conditions on the coupon walls. The modifications of the wall
boundary conditions were discussed with Ceramatec. The revised numerical calculations are in
progress.
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Figure 1. Temperature distribution in coupon, K.
Two journal manuscripts entitled “Design of a Compact Ceramic High Temperature Heat
Exchanger and Chemical Decomposer for Hydrogen Production. Part I: Modeling” and “Design
of a Compact Ceramic High Temperature Heat Exchanger and Chemical Decomposer for
Hydrogen Production. Part II: Parametric study” were submitted to the International Journal of
Heat Exchangers.
Calculations of the factor of safety and probability of failure for the case of a straight forward
channel of L/h = 4 were performed. The results show that 18.976 is a minimum factor of safety
and probability of failure is (0, 0, 0). The safety factor distribution is shown in Figure 2.

Figure 2. Safety factor distribution.
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Calculations of the factor of safety and probability of failure for the case of a straight forward
channel with pressure condition of 7.5 MPa were performed. The results show that 8.7 is a
minimum factor of safety and probability of failure is (3.3 x 10-13, 0, 0).
The thermal and mechanical stress analyses of the Ceramatec HTHX and decomposer were
completed in this quarter.
Numerical Analysis of the Bayonet-type HTHX and Decomposer
The thermal and mechanical stress analyses of the bayonet type HTHX and decomposer (Sandia
design) were completed in this quarter.
The geometry of whole packed bed region with cylindrical and spherical pellets was created in
Gambit. The length of the packed bed region is 9 inches. The diameter and the height of
spherical and the cylindrical pellets are 5 mm. The number of pellets is 92. The geometries are
shown in Figure 3.

(a) Cylindrical pellets

(b) Spherical pellets

Figure 3. Geometries with cylindrical and spherical pellets.
The Hypermesh software was used to create a brick mesh for the whole packed bed region with
cylindrical pellets. It made it possible to decrease the number of cells and nodes several times as
compared with the tetrahedral mesh. The mesh independent study for the region was completed
and is shown in Figure 4. The mesh with 1,044,282 nodes and 934,120 cells was selected for
study purposes. The pressure distribution for the study case is shown in Figure 5.
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Figure 4. Mesh independent study.

Figure 5. Pressure distribution, Pa.
Temperature profiles obtained from thermocouples measured from the Sandia experiments were
applied to the whole packed bed region for the temperature boundary conditions on the outer and
inner walls. The applied mass flow rate is 0.00043 kg/sec and inlet temperature is 600°C.
Numerical modeling of sulfur trioxide decomposition in the whole packed bed region with
cylindrical pellets using the above conditions is in progress now.
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Numerical Analysis of Shell and Tube HTHX and Decomposer
Shell and solid parts have been added to the existing tube part of the shell and tube HTHX
geometry. The geometry is shown in Figure 6. The fluid flow and heat transfer simulations have
been carried out for the geometry, where it was found that there is a backflow on the shell outlet.
Because of the backflow, a minor modification shown in Figure 7 was made to the existing shell
and tube geometry. The length of the helium inlet was increased by 3 times to avoid back flow,
and the diameters of the inlet and outlet in the tube part was increased to 60 mm to reduce
overall pressure drop.

Figure 6. Shell and tube geometry.

Figure 7. Modified shell and tube geometry.
Mesh independent study was completed for the modified geometry as shown in Figure 8,
considering the pressure drop in the shell side as well as in the tube side as the observing
parameters. The mesh with 1,238,424 nodes and 1,046,816 cells has been selected for study
purposes.
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(a) Tube side

(b) Shell side
Figure 8. Mesh independent study.

Chemical reaction modeling was performed on the shell and tube geometry considering the
porous medium approach inside the tubes. Mixture of sulfur trioxide and water vapor with a
mass flow rate of 159 kg/hr at 973 K is made to pass through the tubes and high temperature
helium with a mass flow rate of 71 kg/hr at 1,223 K is made to pass through the shell inlet. The
catalytic bed is placed inside the tubes along the whole length.
The modeling was done by taking the appropriate properties of the SO2, SO3, H2O, O2 and He at
15 atm. Percentage decomposition of SO3 observed in this chemical reaction modeling is 17%.
This is a preliminary result without using any baffles inside the shell. The temperature and
pressure distributions are shown in Figures 9 and 10.

Figure 9. Pressure distribution, Pa
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Figure 10. Temperature distribution, K.
Investigation of sulfur trioxide percentage decomposition variation with the mass flow rates of
helium and sulfur gases mixture is ongoing.

1.2 Scaled HTHX Tests (PI: Samir Moujaes, UNLV)
Experimental campaign was completed and a final paper summarizing the heat transfer results of
the HTHX experimental study is ongoing.
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2.0 Metallic Materials Selection and Characterization (PI: Ajit Roy, UNLV)
The results of crack propagation studies involving Alloy-22 and Alloy-276 under cyclic loading
(da/dN) were presented in the previous quarterly report, relating da/dN to the difference in stress
intensity factor (ΔK) values using the Paris law. The magnitudes of plane strain fracture
toughness (KIC) of both alloys were also included in that report. Simultaneously, the results of
stress corrosion cracking (SCC) testing using pre-cracked and wedged-loaded double-cantileverbeam (DCB) specimens were also contained in that report. Since then, da/dN studies have been
performed on Alloy-617 and Alloy-718 under similar experimental conditions. The results of
these studies are presented in this quarterly report.
The tensile properties of Alloy-617 and Alloy-718 were included in an earlier quarterly report,
elucidating the phenomenon of dynamic strain aging (DSA) showing reduced failure strain (ef)
and serrations in the s-e diagrams. In order to develop a basic understanding of DSA in Alloy617, research was conducted this quarter to determine the dislocation density (ρ), activation
energy (Q) and work-hardening index (n) at selected temperatures under different strain rate
conditions. The calculations for ρ and Q are in progress. However, the magnitudes of n for both
Alloys-617 and 718 have just been determined, which are also included in this report. The
morphology of failure at the primary fracture surface of the tested tensile specimens was
determined by scanning electron microscopy (SEM) that are also included in this report.
Characterization of the DCB specimens of Alloys-22 and 276, exposed to an acidic solution
containing HIx and H3PO4 at the General Atomics (GA) testing facilities, is ongoing.
Simultaneously, a comparison has been made between the tensile properties of Ta10W, with and
without treatment in the acidic solution containing HIx and H3PO4. The overall results based on
these characterizations are included below.
The results of crack-growth rate (CGR) testing involving duplicate compact-tension (CT)
specimens of Alloys-617 and 718 are given in Tables 1 and 2, respectively, showing the
magnitudes of related parameters. The magnitudes of the average slope (m) of a straight line
obtained by plotting log (da/dN) versus log (ΔK) were approximately 5.0 and 4.0 for Alloys-617
and 718, respectively. Graphical representations for determination of m for both Alloys are
illustrated in Figures 11 and 12.

Material
Alloy-617

Material
Alloy-718

Table 1. Results of CGR Testing of Alloy-617.
Kmax ,
Kmin ,
ai ,
af ,
mm
mm
MPa m
MPa m
Initial
Final
Initial
Final
26.29
65.95
2.629
6.595
7.085
15.092
26.30
68.63
2.63
6.863
7.090
15.35
Table 2. Results of CGR Testing of Alloy-718.
Kmax ,
Kmin ,
af ,
ai ,
mm
mm
MPa m
MPa m
Initial
Final
Initial
Final
26.27
94.79
2.627
9.479
7.081
17.204
26.27
94.30
2.627
9.430
7.080
17.178
10

Δa ,
mm

m

8.007
8.26

5.10
4.9

Δa ,
mm

m

10.123
10.098

3.96
3.98

Key to Symbols:
ΔK = (Kmax - Kmin)
Kmax = Maximum stress intensity factor
Kmin = Minimum stress intensity factor
ai = Initial crack length
af = Final crack length

Δa = Increase in crack length
m = Slope of the linear portion of this
plot

1E-3

Log(da/dN), mm/cycle

m = 5.10

1E-4

1E-5
10

Log(ΔΚ ), MPa m

100

Figure 11. Log (da/dN) vs. Log ( ΔK ) for Alloy-617.

Log(da/dN), mm/cycle

0.01

1E-3

Slope (m) = 3.98

1E-4

10

Log(ΔΚ), MPa m

100

Figure 12. Log (da/dN) vs. Log ( ΔK ) for Alloy 718.
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The results of tensile testing of Alloys-617 and 718, shown in the form of superimposed s-e
diagrams as a function of temperature, are illustrated in Figures 13 and 14, respectively. A
minimum ef value was noted at 100oC for both alloys. However, the extent of serration was
maximum at 600oC for Alloy-617. Efforts are in progress to calculate the activation energy (Q)
based on different temperatures and strain rates.

o

100 C
o

400 C
o
600 C
o
500 C

Engineering Stress, s (ksi)

120

100

80

Alloy-617
-4

-1

Strain Rate: 10 sec
1ksi = 6.895 Mpa

60

40

20

0
0

20

40

60

80

Engineering Strain, e (%)

Figure 13. s-e Diagram vs. Temperature.
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o
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o
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20
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Figure 14. s-e Diagram vs. Temperature.

The magnitudes of n-values determined from the true stress-strain relationships at temperatures
up to 600oC are given in Tables 3 and 4, respectively, for Alloys-617 and 718. For Alloy 617, the
n-value ranged between 0.62 and 0.70. However, lower values of n were observed with Alloy718.
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Temperature (oC)
n Value

Table 3. n vs. Temperatures for Alloy-617.
30
100
200
300
400
0.61
0.65
0.68
0.69
0.69

500
0.68

600
0.68

Temperature (oC)
n Value

Table 4. n vs. Temperature for Alloy-718.
30
100
200
300
400
0.56
0.60
0.57
0.60
0.61

500
0.63

600
0.62

The evaluations of the primary fracture surface of Alloy 718 by SEM revealed predominantly
ductile failures, characterized by dimples. However, tiny cracks were observed at room
temperature and 100oC, which may be related to the occurrence of DSA of this alloy. At 700oC, a
combination of intergranular and transgranular cracking were seen in the SEM micrograph. The
resultant SEM micrographs are shown in Figure 15. The enhanced cracking tendency of Alloy718 at 700oC could be the result of brittle phase formation.

(a) Room Temperature

(b) 100°C

(c) 600°C

(d) 700°C

Figure 15. SEM Micrographs of Alloy-718 at Different Temperatures.
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The results of tensile testing involving a cylindrical specimen of Ta10W Alloy, with and without
treatment in an acidic solution at GA, are illustrated in Figure 16. A comparative analysis of the
s-e diagrams revealed that both tensile strength and ductility of this alloy were appreciably
reduced due to its exposure in the acidic solution. The results are given in Table 5.

Engineering Stress, s (Ksi)

100

Room Temerature, Air,
Untreated
80

Room Temperature, Air,
Acid-treated
Ta10W

60

-3

-1

Strain rate : 10 sec
1 Ksi = 6.895 MPa
40

20

0
0

5

10

15

20

25

30

35

40

Engineering Strain, e(%)

Figure 16. s-e Diagrams of Ta10W with and without Acidic Treatment.

Sample
Unexposed
Exposed

Table 5. Results of Tensile Testing of Ta10W.
YS (Ksi)
UTS (Ksi)
78.80
85.98
74.11
80.48
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% Elongation
33.42
23.74

3.0 Materials, Design and Modeling for C/SiC Ceramic Heat Exchangers, (PI: Per
Peterson, UCB)
3.1 Objectives and Scopes
Within the UNLV Research Foundation High Temperature Heat Exchanger (HTHX) project the
University of California, Berkeley (UCB) has the role of developing technologies for
intermediate heat transport of high temperature process heat from the Next Generation Nuclear
Plant (NGNP) reactor to the hydrogen production process. In this work, UCB has developed
ceramic compact heat exchangers for use in the intermediate heat exchanger (IHX), and has
studied these materials for use in the hydrogen production heat exchangers as well. Because the
studies of the ceramic IHX show that they could not be qualified in time to meet the NGNP
schedule, UCB has refocused its efforts to support design and assessment of the use of liquid
salts for the NGNP intermediate loop. Work in this area has two primary task areas, (1) liquid
salt intermediate loop dynamic analysis, with a particular focus on the transient thermal and
stress response of Heatric-type IHX heat exchangers, and (2) liquid salt chemistry and corrosion
control, with a particular emphasis on assessing corrosion control methods for the Si/SiC
composites likely to be used for the process heat exchangers, and analysis of tritium transport
phenomena in the loop.

3.2 Highlights
•
•
•

Silicon silicon carbide (SiSiC/C) coupons were received from HyperTherm after being
sent there for silicon carbide and pyrolitic carbon coating. The samples are now at the
University of Wisconsin, Madison for corrosion testing.
The Compact Heat Exchanger Explicit Thermal And Hydraulics code (CHEETAH) is
providing complete transient thermal analyses for a Heatric-type geometry intermediate
heat exchanger.
CHEETAH now also performs thermal analysis on the circular welded pipe sections that
feed into and out of the manifolds in cylindrical coordinates.

3.3 Technical Progress Summary
3.3.1 Materials Testing of Silicon/Silicon Carbide (Si/SiC)
After coordinating the chemical vapor deposition (CVD) coating of these test coupons with
silicon carbide and pyrolytic carbon at Hypertherm (the vendor that has provided similar CVD
coating services for UCB in the past), UC Berkeley sent the silicon silicon carbide test samples
to the University of Wisconsin, Madison for spectroscopy and high temperature materials testing.
Continuing work in the area of ceramic heat exchangers will shift in focus toward design,
analysis and experiments for liquid salt compatibility. This will include further analytical work
on corrosion and safety issues for liquid salt intermediate loops. A detailed report on previous
UC Berkeley work in this area was released.
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3.3.2 Compact heat exchanger thermal analyses
During this quarter, the hydraulic portion of the CHEETAH code was debugged and all of the
separate scripts written for individual sections of the IHX were successfully coupled into a
consolidated fluid dynamics code. Similarly, scripts assigning effective thermal properties and
evaluating energy balances on each phase in the IHX were written for both the liquid salt (LS)
and helium plates.
The main concern with the IHX is the mechanical performance during rapid thermal transients.
CHEETAH has been developed to model the transient temperature distribution during such
events. In modeling these scenarios, it is assumed that the power plant is operating at steady
state at full power when a transient event takes place. Among other things, these scenarios may
include an almost instantaneous tripping of one of the coolant pumps. From a thermal stress
perspective, the most likely relatively severe thermal transient would involve either the primary
or intermediate coolant pump tripping while the other continues to operate. The thermal
response for this scenario was recently modeled by CHEETAH, and the results for both a liquid
salt and helium pump trip are provided in Figure 17.
The bottom center of each graph in Figure 17 shows the temperature outline from the diffuser in
the inlet manifold of the liquid salt plate at the low inlet temperature. Just above it the reducer
from the exit manifold of the liquid salt plate can be seen at a much higher outlet temperature. In
this case the liquid salt is the cold fluid and it enters the IHX at 900K while helium is the hot
fluid which enters the IHX at 1200K. For this reason, the vertical axis of the graphs spans from
850K to 1250K. In this study the OSF section of the IHX is shown to be 1 meter long with an
inlet and outlet manifold which are each 60 cm long. The IHX is 57 cm wide (z-dir) while the
diffuser and reducer only stretch 6 cm from the opening. While this is a short distance for the
diffuser and reducer, it also makes the bounding wall along the length of the OSF region 6 cm
thick. This is the region that also appears in purple along the OSF region. This creates a
relatively large thermal diffusion length scale, which is evident in observing the delay in thermal
response in this region in Figure 17. Even after 50 seconds those bounding walls have not
equilibrated with the OSF section and that delay causes very large thermal gradients early in the
temperature transients.
These observations on the multi-dimensional thermal response come as a direct result of graphics
and animations produced from CHEETAH, and the information learned from the results that it
provides incentive to refocus the attention of the IHX designer towards the most vulnerable areas
of the design. Through an iterative process such as this one the IHX designers can quickly
optimize the design and update CHEETAH to reflect the new dimensions or shape of the IHX.
The temperature distribution can be exported to a mechanical FEA software (likely ANSYS for
the upcoming UC Berkeley work) for detailed thermal/mechanical stress analysis using effective
mechanical properties to calculate strains and to then use these strains to back calculate the local
stresses as demonstrated in previous work using effective mechanical properties at UCB.
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Liquid Salt Pump
Helium Salt Pump
Figure 17. Transient temperature response to interruption of flow of liquid salt (left) or helium
(right)
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3.3.3 Thermal Analysis of welded pipe sections on IHX manifolds
The high pressure helium environment surrounding the IHX will generate significant
compressive forces on the pipe section feeding the LS or helium into and out of the manifolds of
the IHX. For LS the pressure differential is maintained constantly and the section must be thick
enough to give sufficient creep resistance, while for helium the section must be thick enough to
avoid yielding during depressurization transients. Having to withstand a pressure difference of
nearly 7 atmospheres, between the two fluids, the pipe must be very robust mechanically in order
to take this pressure drop at the approximately 1200K helium inlet temperature foreseen in the
NGNP application. The strength will inevitably come from thickened piping which will have
significant thermal inertia and which can cause high thermal stresses and distortion in the IHX
during thermal transients.
The stress is of particular concern in the area where these thick walled pipe sections are welded
to the IHX due to the stress concentration that can arise from pipe section and plate interface,
despite a fillet. Analyzing the temperature gradients in this area therefore became an area of
interest late in the development of CHEETAH. Near the end of Q3, CHEETAH was modified to
solve for this temperature distribution considering the manifold temperature distribution on the
IHX as a boundary condition. The energy balance is solved in cylindrical coordinates and is
subsequently plotted onto the Cartesian grid which covers the entire IHX. A snapshot from
CHEETAH’s transient thermal model of the IHX with the pipe sections is shown in Figure 18.
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Figure 18. Snapshot of transient temperature distribution in IHX including the temperature
distribution in the welded pipe sections.
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4.0 Corrosion Studies of Candidate Structural Materials in HIx Environment as
Functions of Metallurgical Variables (PI: Bunsen Wong, General Atomics)
4.1 Immersion Testing of Stress Corrosion Specimens
The emphasis this quarter was to complete testing of stress corrosion specimens in the process
environments within the HI decomposition section. Table 6 shows the various specimens that
have been tested. Testing of the C-22 and C-276 C-ring and U-bend specimens and Ta-10W
tensile specimens had been completed and reported earlier. Testing of B3 C-ring and U-bend,
Ta-10W C-ring and C-22 and C-276 Double Cantilever Bean (DCB) specimens was completed
in this quarter. All the specimens will be returned to UNLV for further characterization.
Table.6. Text matrix of the construction materials and chemical environments.

HIx-H3PO4
(flow)
C-ring

Ta-10W

U-bend

**

Boiling 95wt%
H3PO4
(static)
Ta-10W

Boiling HI-I2H3PO4
(static)
Ta-10W

HI gaseous
decomposition
(flow)
C-22, C-276,
B-3*
C-22, C-276,
B-3
C-22, C-276

DCB
Tensile
Ta-10W
Ta-10W
Ta-10W
C-22, C-276, B-3 are different Hastelloys
** UNLV will not have funding to load the Ta-10W U-bend specimen until FY08.

4.2 Immersion Testing of Materials in HIx-H3PO4 (Iodine Separation)
Ta-10W C-ring specimens were received from UNLV in August. One of these was immersed in
the H3PO4 - HIx circulating bath for more than 1000 hours. Figure 19 shows the progression of
the specimen during the test: no evidence of corrosion is present after long term testing.

0 hr

504 hr

1027 hr

Figure 19. A Ta-10W C-ring specimen that has been immersed in a flowing HIx-H3PO4 bath for
1027 hours.
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4.3 Immersion Testing of Specimens in Boiling H3PO4
A Ta-10W C-ring specimen was tested in 95wt% boiling phosphoric acid for over 1000 hours.
At 525 hours, there was no observable sign of corrosion in the specimen (Figure 20). However, a
crack has developed after 1097 hours of testing (Figures 20 and 21). Interesting enough, the
location of the crack is not at the point where maximum stress is expected. More stress corrosion
studies are required to determine the applicability of Ta-10W concentrated boiling phosphoric
acid environment.

0 hr

525 hr

1097 hr
crack

Figure 20. A Ta-10W c-ring specimen that has been immersed in 95wt% boiling H3PO4 for 1097
hours. A crack has developed in the specimen.

crack

Figure 21. Close up view of the crack that has developed in the Ta-10W c-ring specimen that has
been immersed in 95wt% boiling H3PO4 for 1097 hours. (a) edge view and (b) top view.
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4.4 Immersion Testing of Specimens in Boiling H3PO4 – HI – I2 mixture (HI
Distillation)
A Ta-10W C-ring specimen was immersed in a boiling H3PO4 – 14HI – 2I2 – 13 H2O(wt%) acid
bath for 1000 hours. In contrast to boiling concentrated phosphoric acid, no corrosion nor crack
has been observed in the specimen (Figure 22). This could be due to the fact that the HI
distillation liquid has a lower boiling point which may have reduced the stress corrosion effect.

0 hr

525 hr

1097 hr

Figure 22. A Ta-10W c-ring specimen that has been immersed in boiling HI-I2- H3PO4 for 1097
hours.

4.5 Immersion Testing of Specimens in HI + I2 + H2 (HI Gaseous Decomposition)
The testing of C-22 and C-276 DCB specimens in the HI decomposition environment is
complete. Both specimens were tested for more than 1000 hours. The specimens were precracked at UNLV and loaded with a wedge. Figures 23 and 24 show the two specimens
respectively. Optical inspection of the C22 specimen did not reveal any visible crack before
immersion. However, it appears that a crack has developed after about 500 hours of testing. In
addition, there is also evidence of pitting near the crack region. Neither the crack nor the pitting
did appear to have worsened upon further testing to 1000 hours. This may be due to a reduction
in the stress intensity factor after crack formation thus reducing the stress corrosion effect. For
the C-276 specimen, a crack was present in the as received specimen. There was no significant
observable change in the crack region after test as it is difficult to determine by optical
microscopy whether the initial crack has increased in size. More detail examination of the
specimens will take place after they are pulled apart at UNLV.
The testing of B3 stress corrosion specimens is also complete. Both the C-ring and U-bend
specimens were immersed in the HI gaseous decomposition environment for over 1000 hours.
Test results are similar to those of C-22 and C-276 and no crack has developed in the stress
corrosion specimens (Figures 25 and 26).

22

0 hr

528hr
crack

916
hr

1131
hr
crack

Figure 23. A pre-cracked C22 DCB specimen that was tested in the HI decomposition
environment for 1131 hours.

23

0 hr
crack

528hr

916
hr

1131
hr

Figure 24. A pre-cracked C276 DCB specimen that was tested in the HI decomposition
environment for 1131 hours.
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0 hr

507 hr

747 hr

1024 hr

Figure 25. B3 C-ring specimen tested in the HI gaseous decomposition system for 1024 hours.

0 hr

507 hr

747 hr

1024 hr

Figure 26. B3 U-bend specimen tested in the HI gaseous decomposition system for 1024 hours.
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5.0 Chemistry Support (PI: Allen Johnson, UNLV)
This report covers the period when new scope was determined for FY2008 work. UNLV
researchers met with the Sulfur-Iodine (SI) Integrated Lab Scale (ILS) team at UNLV and at
General Atomics (GA), and determined the process monitoring parameters and priorities as well
as action items and dates going forward. A plan for plan for in-situ and ex-situ monitoring of the
ILS was determined, consisting of several in-line refractometers for liquid streams and two mass
spectrometers for the two gas streams (O2/SO2/SO3 and H2/I2/HI). The in-line probes will signal
deviations from the expected process fluid composition and lead to corrective action and ex-situ
sampling to do detailed analyses. In collaboration with GA, discussion started on the
specification of the ex-situ methods, to include Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES), refractometry, densitometry, infrared (IR) spectrometry, mass
spectrometry, and chemical titrations.
An ICP-AES located at UNLV that will be replaced in November/December 2007 was identified
for use at the SI-ILS and arrangements were started to move it to GA for the duration of the SIILS experiment. A UNLV researcher was hired to be on site at GA with primary responsibility
for operations of the ICP-AES and secondary responsibilities to the entire analytical effort at
GA.
Purchasing has commenced for the instrumentation of the SI-ILS. A diamond ATR cell for an
IR instrument to be located at GA was ordered and plans are to order refractometers, mass
spectrometers, and ex-situ instrumentation in the next quarter.
Work under the original FY06-07 scope continues. XPS analysis of a failed Ta coated swage
fittings from GA indicated either porous Ta or TaC contamination – SEM/EDX investigations of
the same steel ferrule showed that the layer is porous (Figure 27), that it is composed of particles
probably made in the gas phase (which indicated improper operational conditions in the
deposition facility), and may contain TaC. It is proposed that a combination of fluorescent dye
experiments and hardness measurements could monitor for these features in the layer, and thus
serve as acceptance tests for parts for the ILS and subsequent facilities. Investigations of a range
of samples from SI-ILS tests are underway.
Samples were received from Ceramatec of more silicon based ceramics exposed to H2SO4
decomposer environments. These samples show similar oxide layer formation to what was
observed before – with perhaps less mechanical integrity in these corrosion layers.
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Figure 27. Pore in failed Ta coated steel ferrule. Note spherical particles, suggestive of gas
phase nucleation in the coater.
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6.0 Development of an Efficient Ceramic High Temperature Heat Exchanger (PI:
Merrill Wilson, Ceramatec, Inc.)
6.1 Program Highlights:
•
•
•

•
•

The work scope for the FY07 program was completed in July, 2007. This was
documented in the final report, sent August 3, 2007.
The full-size wafers have been fabricated (May 2007) and sent (August 3, 2007) to Carl
Sink, Steve Sherman and Tony Hechanova; fulfilling the FY07 deliverable for the fullsized wafer fabrication.
Although Ceramatec has completed its FY07 milestones and deliverables, they will
continue work in materials development and testing and HX scale-up activities as the
funds for the current budget last. These “saved funds,” in part, should help keep the team
together until the start of the next work plan.
Corrosion testing: A trial test of the boiling corrosion test rig has been completed,
exposing silicon nitride to boiling sulfuric acid for 100 hours. The data is comparable to
INL’s data in their high pressure, high temperature test bomb.
Reliability: Modeling of the Rev 2.5 HX design indicates that with the enhanced microchannels, the failure rate should be less than one failure per 1000 heat exchanger
installations.

6.2 Research Accomplishments
6.2.1 Materials Corrosion
Two samples each of Ceramatec’s laminated silicon carbide and Ceradyne’s gas-pressure
sintered Si3N4 were tested by Dr. Tom Lillo in a high pressure corrosion apparatus at the Idaho
National Laboratory (INL). The specimens were exposed to sulfuric acid at about 400°C and 14
bar (200 psi) for approximately 250 h. The typical volume of sulfuric acid in the experiment was
60 ml while the surface area of the samples was on the order of 160 mm2, for a ratio of sulfuric
acid volume to specimen surface area of 0.37 mL/mm2. The sample dimensions were measured
to +0.01 mm and weighed to +0.00008 grams.
The corrosion rate of Ceramatec’s laminated silicon carbide (Table 7) was approximately 125
μm/year; Ceradyne’s gas-pressure sintered Si3N4, 62 μm/year. According to Dr. Lillo, most
metals would exhibit an order of magnitude higher corrosion rate. The weight loss and corrosion
data were fitted to linear and parabolic equations to determine whether the corrosion behavior
was passivating (Figures 28 and 29). The data could be fit equally well by either the linear or
parabolic equations, but microscopy did indicate that the laminated silicon carbide showed
pitting after a long exposure the silicon nitride did not (Figure 30).
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Table 7. Corrosion rate of Ceramatec’s laminated silicon carbide.

Exposure
time, hrs
87.5
419
698

Corrosion
rate, μm/y
158.8
134.4
122.7
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8.0
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0.005
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Figure 28. Corrosion behavior of the Ceramatec SiC laminated samples. The solid line is fitted
using the data from two samples.
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Figure 29. Corrosion data for the Ceradyne GSP Si3N4 material. Curve fits utilize data from
two samples.

(a) Laminated SiC (micron bar = 200 μm)

(b) Gas-pressure sintered Si3N4 (micron bar
= 500 μm)
Figure 30. Micrographs of (a) silicon carbide after 698 h and, (b) silicon nitride after 307 hrs.

29

Additional evaluation of the specimens will be performed when the samples are returned to
Ceramatec. These results, however, suggest that the corrosion rates of the candidate materials
are higher at either (1) higher pressures of sulfuric acid; (2) in hot, liquid sulfuric acid; or, (3) at
the triple points between solid, liquid, and vapors. Efforts to investigate these hypotheses will be
described in the following section.
Apparatus to isolate these effects at Ceramatec has been installed and tested at Ceramatec
(Figure 31). The apparatus consists of a vessel for boiling sulfuric acid and a reflux condenser.
Quartz sample holders were fabricated to hold samples in the liquid sulfuric acid, at the interface
between the liquid and vapor, and in the vapor. Experiments using this apparatus are planned for
FY08.

Figure 31. Acid Boiling Test Rig at Ceramatec, Inc.

One experiment was completed in the boiling test apparatus at Ceramatec to validate its
operating procedures. In this experiment, five bars of Ceradyne’s gas pressure sintered silicon
nitride were exposed to boiling (1 atm) sulfuric acid (75 mol% H2SO4, 25 mol% H2O) for 100
hours. This preliminary run showed weight loss and reduced strength of the silicon nitride after
exposure. When the recession rates are computed, it appears that there was an approximate
recession rate of 120 μm/year. This is about twice the recession measured at INL by Dr. Tom
Lillo. Additional experiments are required to confirm these results and to understand the actual
behavior of the candidate heat exchanger materials in these environments. The preliminary
results are tabulated in Table 8.
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Table 8. Corrosion of Si3N4 in Boiling Sulfuric Acid.
Condition/Samples
Initial Conditions
Ceradyne’s GPS Si3N4
100 hr Boiling (atm pressure)
Ceradyne’s GPS Si3N4

Strength
(MPa)
708 + 82 MPa

Weight Change
(g/mm2hr)

Average Corrosion
Rate

649 + 58 MPa

-4.38e-08

4.7 mil/year
119.4 μm/year

6.2.2 Heat Exchanger Reliability
Revision 2.5 of the heat exchanger design incorporated advanced micro-channel features to
enhance the heat transfer between the fluid streams. The micro-channel structure within the Rev
2.5 design is derived from offsetting two laminated layers with perforated diamond shaped vias.
The offset of these vias forces the gases to porpoise from one layer to the other, enhancing the
gas to wall contact.
The primary stresses in this heat exchanger design are found in the membrane separating the gas
streams. This membrane is exposed to a differential pressure due to the respective gas stream
pressures. The membrane is supported by the network of walls that define the diamond shaped
vias. Within the active heat exchange region of the wafer a common repeat unit (sub-elements of
symmetry) exists. By computing the stresses throughout this repeat unit and integrating over the
entire volume, the probability of failure can be predicted according to the following equation:
The membrane as it is supported over the diamond shaped walls undergoes local bending.
Assuming that the external gas stream is at a higher pressure than the internal gas, the membrane
would tend to bend inward. This results in external tensile stresses near the edges of the
diamond supporting walls and internal tensile stresses at the mid-span. Whereas the compressive
forces are inverted; internal compression near the walls and external compression near the midspan. A 3D contour plot of the computed stresses on the external surfaces is shown in Figure 31.
Due to symmetry within this repeat unit, only ¼ of the diamond region is required to calculate
the stresses. The upper right hand corner is displayed.
When integrating the stresses throughout the volume, only the tensile stresses are critical and
could result in a fracture. Based on the assumption of small deflections, the internal surface
stresses are inverted of the external stress profile; near the edges would be compressive stresses
and the center would be tensile stresses. The through-volume stress state in the membrane can
be interpolated from these external surface and internal surface stresses. Because the internal
and external stresses are mirrored, only ½ the volume at any given X and Y location is in
tension, thus improving the overall reliability by minimizing the volume terms within the
integral.

31

y

⎛ 1 ⎞
m
Pf = 1 − exp⎜⎜ − m ⎟⎟ ∫∫∫ σ ( x, y , z ) dV
V
⎝ σ0 ⎠

z
x

w
l

P

t

ΔT

P

Where:
σ(x,y,z) – σ(P) + σ(ΔT)
σ0 = Weibull Material Scale Parameter
m = Weibull Modulus

Figure 31. Calculation of the Reliability of the Heat Exchanger Due to Thermo-Mechanical
Stresses a) Model, b) Mathematical Formulation, and c) Common Repeat Unit within Heat
Exchanger Wafer.

Membrane Surface Stresses

6000

5000

4000

3000

2000
Stress (psi)

1000

0
-1000

-2000
-3000

0.0739
0.0501

-4000
0.000

0.013

0.027

0.0262 Secondary Axis (in)

0.040

0.053
0.066
Primary Axis (in)

-4000--3000

-3000--2000

-2000--1000

-1000-0

0.080

0-1000

0.093

1000-2000

0.106
2000-3000

0.0000
0.120

0.133

3000-4000

4000-5000

5000-6000

Figure 32. Calculated External Surface Stresses in Membrane Suspended over Diamond Walls
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The estimated reliability of the Rev 2.5 design is one failure per 1000 heat exchanger
installations. This failure is defined as a rupture of a single membrane over its diamond
support. The sensitivity of the reliability to several design variables (membrane thickness and
length of diamond span) was also investigated. These relationships are shown in Figure 33. It
was found that about a 12% variation in these parameters could change the reliability by about
an order of magnitude.
Design Sensitivity
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Figure 33. Reliability Dependence on Membrane Thickness and Span

This design sensitivity underlines the need for process control in the manufacturing process. The
membrane thickness due to the tape casting process is well controlled. Adjusting and modifying
this parameter is straight forward with little processing and assembly impact. The size of the
diamond supports is controlled by the laser cutting and lamination processes. As a CNC
machining technology, laser cutting can be easily controlled and modified as long as the beam
focus is well maintained. The lamination process can induce deformations which are minimized
by the use of jigs and fixtures. Thus the design may require iterations with process
developments to improve the overall reliability; these improvements may include incorporation
of rigid layers and locating fixtures. These improvements can be made through quantification of
layer alignments and deformations through “QC” steps introduced into the manufacturing
process. The near term solution may include a design modification wherein the baseline
dimensions and the respective manufacturing tolerances are shifted in order to ensure a highly
reliable structure.

6.2.3 Thermal Conductivity
Several samples have been fabricated using process variations to Ceramatec’s silicon carbide.
These samples will be sent out for thermal conductivity testing. The objective is to find a
reliable silicon carbide formulation with a lower thermal conductivity.
Ceramatec, Inc., in conjunction with ceramic armor development contracts, has modified silicon
carbide compositions to enhance its toughness and make it suitable for protective armor. These
compositions typically add various materials and phases to the grain boundaries. The thermal
conductivity of some of these compositions has been characterized; these room temperature
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thermal conductivities have been as low as 58 W/mK. Comparing this to sintered silicon carbide
(approximately 200 W/mK) there is a significant reduction (3x to 4x) in thermal conductivity.
Reduction of the thermal conductivity to this level would minimize the axial heat loss and further
improve the performance of the heat exchanger.
Although the particular additives used for armor may not be appropriate or adequate for a heat
exchanger application, the process of adding materials and/or phases at the grain boundaries may
prove to be a viable concept. While further development work needs to be completed, several
compositional variations of Ceramatec’s silicon carbide may yield the thermal conductivities
desired. Once several candidate materials are identified, corrosion and strength tests must be
completed in order to prove their viability.

6.2.4 Porous Catalyst Support
Currently, Ceramatec is adapting a process for creating porous ceramic structures from a
polymer tape material. Objectives of the first phase are to determine the processing parameters
necessary to produce a sintered body with porosity within a given range. The second phase of
this activity will be to determine which parameters control porosity and to be able to build
structures with a given porosity. Three formulations of porous tapes have been cast and fired.
These will be characterized in terms of porosity, surface area and permeability and strength will
be measured where possible.
The first two of these formulations were made from ceramic powders of different surface areas,
10 m2/g and 15 m2/g. The specific surface areas are 5.21 m2/g and 7.10 m2/g, respectively.
Micrographs of these samples are shown in Figure 34. These results show that porosity and
surface area can be controlled independently. The desired surface area will depend on the
properties of catalysts used, mass transport conditions, and desired reaction rates. Ceramatec
anticipates working with INL to determine target conditions for catalysis and resultant design
requirements.

6.2.5 HX Rev 2.5 Design
The several layers are shown in Figure 35. The S1 layers, primary internal flow layers, are cut
such that when one of the S1 layers is rotated 180o, the assembled two layer structure forms the
offset pattern described. This bi-layer assembly is capped on one side with the HT (Heat
Transfer) layer which acts as the primary heat transfer surface. The other side is capped with the
S2 layer which helps provide for the internal manifolding within the wafer. This wafer has a
plane of symmetry at the mid-plane, giving two heat exchange surfaces per wafer.
The overall wafer dimensions are approximately 5 inches (127 mm) deep by 4.5 inches (114
mm) wide. The dimension along the flow path (depth) is somewhat larger to allow for internal
manifolds and a counterflow configuration. To the sides of these wafers are lobes with multiple
oval perforations. These form the stack headers which distribute the internal gases to the heat
exchange wafers. Although these wafers are larger than the heat transfer coupons fabricated in
this and previous stages of the program, they are similar to components made for other high
temperature applications. In order to assess the fabrication of these larger components, similarsized Rev 1.0 wafers were fabricated.

34

a) Porous SiC sample made from moderate
surface area powder (10 m2/g).

b) Porous SiC sample made from high
surface area powder (15 m2/g).

c) Surface Morphology of Porous Structures
Figure 34. Micrographs of Potential Catalyst Substrates Made From Porous SiC
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a) Rev 2.5 Assembly of Laser Cut Layers (HT-S1-S1-S2-S1-S1-HT)

b) Rev 2.5 S1 Layer Pattern

c) Rev. 2.5 S2 Layer Pattern

d) Rev. 2.5 Overcut Pattern
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e) Rev. 2.5 X-Section View
Figure 35. Rev. 2.5 of the Ceramic Heat Exchanger.

6.2.6 Heat Exchanger Fabrication
As one of the program deliverables, full-size wafer components shown in Figure 36 were
delivered to program management. This includes Dr. Anthony Hechanova (UNLV), Dr. Steve
Sherman (INL), and Carl Sink (DOE). These full-size components are made from the Rev 1.0
design and were used to assess fabrication issues in scaling to larger dimensions. Rev 2.5
components to be used in future stages of this development will require modified tooling and
fixtures which fabrication has not been completed yet. This tooling will by particularly
important with the offset diamond pattern where alignment and minimal distortion is important.

Figure 36. Rev 1.0 Full-Size Heat Exchanger Wafer.
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6.2.7 Heat Exchanger Joining
Two candidate methods for joining silicon-based ceramic heat exchanger components were
identified. The first method involves in situ pyrolysis of a liquid, ceramic precursor polymer.
Although volatile species are generated and the liquid precursor shrinks during densification to a
solid joint, this method has significant benefits from a manufacturing standpoint. Since the
temperature required to complete pyrolysis and densification is low, relative to the sintering
temperature of the silicon carbide components, issues related to creep and warping of
components during joining are mitigated. The second method involves forming diffusion
bonded joints between components by sintering tape of silicon carbide powder in a hightemperature thermal cycle. The diffusion bonded joints, derived from tape, are typically very
strong. Diffusion bonding microchannel plates together, however, is less attractive from a
manufacturing perspective and so effort was focused on developing a method to use ceramic
precursor polymers.
An initial screening experiment on the resistance of joints formed by the two candidate methods
to corrosion in vaporous sulfuric acid was performed. The samples were tested under high
temperature air (900C - baseline conditions) and under high temperature sulfuric
acid/water/oxygen conditions. These samples were exposed for 500 hours. The shear strength of
the joints, before and after testing, is shown in Table 9. Although the strength of the polymerderived joints were lower than previously fabricated (50 MPa), the strength values of all the
joints were not affected by exposure to either sulfuric acid or air at 900°C for 500 h.
Table 9. Shear strength of the joints, before and after testing.
Type

unexposed

H2SO4/H2O/air

air

Strength
(MPa)

95% CI
(MPa)

Strength
(MPa)

95% CI
(MPa)

Strength
(MPa)

95% CI (MPa)

Polymer-derived

13

3.6

9

2.7

8

2.6

Tape bonded

97

6.8

101

14

109

7.7

Due to the variability and low strengths measured, additional experiments to develop a process
for making leak tight joints between heat exchanger plates using pre-ceramic polymer precursors
were initiated. It was found, by using SEM analysis, that the addition of pre-pyrolysed precursor
polymer resulted in relatively dispersed large SiC grains in the joints because the pre-pyrolysed
material had a relatively large initial particle size. These large grains may result in a degradation
of strength and joint uniformity. The pre-pyrolysed material was being added to the liquid
precursor to limit shrinkage of the joining material during fabrication. Since it would require
additional processing to reduce the particle size of the pre-pyrolysed material, submicron-size
silicon carbide powder was selected as an alternative filler material. Several variations in the
formulations (SiC powder and liquid precursor) and process variables (milling and mixing times
and viscosity) were investigated. Using these variations, it was found that very uniform, small
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grain materials could be fabricated, and further experiments were conducted to determine a
baseline composition.
Mixtures of precursor polymer and submicron silicon carbide powder were formulated to yield
densified joint material with between 50 and 70 volume percent silicon carbide filler. It was
found that mixtures formulated to provide greater than 66 volume percent powder could not be
dispensed and applied evenly. The strength values of double-lap shear strength specimens with
different volume fractions of silicon carbide filler material are shown in Figure 37. In general, as
the volume fraction of filler increases, so do the strength values. Some specimens with 61 or 62
vol% silicon carbide powder had values of shear strength around the target of 100 MPa.
Microscopy was performed to examine the joining material and fracture surfaces. As shown in
Figure 38, large cracks in the joining material exist. Since these cracks have a large opening
they are likely formed during early stages of densification when the material has low strength.
There is also evidence of oxidation on the crack surfaces. Therefore, if these cracks can be
eliminated, high strength joints should be obtained. Efforts are planned to increase the external
load applied on the joining material during the early stages of densification in order to limit the
formation of these large shrinkage cracks.
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Figure 37. Shear strength of joints fabricating from polymer precursor and silicon carbide
powder.
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Figure 38. Scanning electron micrograph of shrinkage cracks in polymer-derived joining
material.
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7.0 Efficiency Improvement and Cost Reduction of Solid Oxide Electrolysis Cells
through Improved Electrodes and Electrolytes (PI: Clemens Heske, UNLV)
7.1

Introduction

In close collaboration with Ceramatec and ANL, UNLV is investigating the chemical structure
and morphology of surfaces that are relevant to solid oxide electrolysis cells (SOECs).
Composition, structure, and chemical properties of samples provided by Ceramatec and ANL are
analyzed at UNLV with a set of spectroscopic and microscopic surface and interface techniques.
The experimental methods include x-ray and UV photoelectron spectroscopy, x-ray emission and
absorption spectroscopy, and atomic force microscopy.
The work in particular focuses on a comparison of the above-mentioned properties before and
after testing at Ceramatec or ANL. This testing includes electrochemical conditioning, hightemperature stress testing, and long-term operation. The results of the UNLV experiments are
shared with the partners at Ceramatec and/or ANL, in order to give immediate feedback for the
chemical surface processes occurring during testing and to assist in the development of more
long-term stable devices.

7.2

Research Accomplishments at UNLV

In this quarter the first sample series was received from Ceramatec. The sample series consists of
one tested and one untested “button cell” (2.5cm x 2.5cm) and two tested cells (10cm x 10cm)
from a standard electrolysis cell stack.
The photoemission experiments at UNLV focus on gathering information about the degradation
mechanisms in the cell. Topics of interest for the tested cells include the area on the hydrogen
electrode near the steam exhaust edge as compared to the steam inlet. In the area around the
exhaust, build-up of elements diffused from different areas of the cell might be present. Indeed,
the results discussed in this report indicate substantial changes in surface composition, as
described below.
In a first step, two samples were taken from the hydrogen electrode side of cell #5. The first
sample was taken close to the steam inlet, while the second sample stems from an area close to
the exhaust. Fig.1 shows the above-described areas. It is quite apparent that the cell is visibly
non-uniform, showing a lighter half on the inlet side and a darker half on the exhaust side. On the
inlet half, remains of a top layer (lighter areas) can be observed above the next layer below
(darker areas). Towards the center of the entire cell, the lighter layer is completely removed. The
line structure that is visible throughout the whole cell can be correlated to the corrugated nickel
flow field that was attached to the surface during testing. In particular, the darker sublayer is
exposed wherever the flow field was in direct contact with the sample surface. This may be an
indication of thermal/mechanical stress during testing as well as during the removal of the flow
field as a cause of the delamination. The samples for our study were taken from the circled areas.
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Figure 39. Hydrogen-electrode side of cell #5. The appearance of the cell surface changes completely
from the steam inlet side (left) to the exhaust side (right). The lighter areas near the inlet are the remains
of a layer on top the darker areas. Towards the center, the lighter layer is completely removed. Samples
were taken from the circled areas.

Figure 40 shows the XPS survey spectrum of the area around the steam inlet (left circle in Figure
39). To minimize sample charging and to cover the bare substrate and the sealing material
around the electrode, a Ta mask was used. In close proximity to the fuel inlet we find (among
others) Ni, Ce, and O, as expected from the electrode layout. The spectra also exhibit small Zr,
Mn, and Si signals. The Zr and Mn signals can either stem from diffusion processes as well as
from direct exposure of the electrolyte or electrode during the flow-field removal process. Note,
however, that other lines (in particular La and Sr) are not observed. Since the sample was taken
in the vicinity of the edge of the cell, it is not necessarily surprising that traces of Si are found,
since they can be attributed to the sealant material. The surface also contains Na. Since we do not
find a pronounced Cl signal, which rules out a direct NaCl contamination, the origin of the Na
atoms is currently unclear. All samples show a relatively small C signal stemming from
adsorbates on the surface. With an improved sample packaging procedure as discussed in our
meeting with Ceramatec, this signal might be further reduced in the future.
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Figure 40. XPS survey spectrum of Sample 1, i.e., close to the steam inlet.

In contrast to the steam inlet, the sample taken near the steam exhaust exhibits a substantially
different surface composition. Compared to the inlet sample, it shows a significantly reduced Ni
signal, strongly increased O and Zr signals, and slightly increased Mn and Ce signals. The strong
decrease of the Ni intensity indicates that the Ni-containing layers at the inlet side (most likely
corresponding to the light areas in Figure 39) are partly removed at the exhaust side. This also
explains the increase of the signals of the now more exposed “hidden” ZrO2 electrolyte. The
increase of the Mn intensity, however, points towards a diffusion of Mn through the electrolyte
layer.
In the next quarter we are planning to investigate further pieces of two electrolysis stacks and
from the tested button cells. The findings of the photoemission experiments, which need to be
further analyzed for the presence of various chemical species in the detail core level spectra, are
complemented by x-ray emission measurements taken during our beamtime at the Advances
Light Source in September. The data analysis of the synchrotron experiments is currently
underway. The findings of our first experiments will be summarized and discussed with
Ceramatec. Finally, a visit of the laboratories at Ceramatec is intended to gain more insight into
the production and testing processes and to allow a detailed discussion of the present results and
future steps.
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